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The thermodynamically stable long-range orbital order in bulk LaMnO3 becomes metastable at
nanoscale around a critical particle size dC ∼20 nm. The orbital order-disorder transition switches
from reversible to irreversible at dC while the resistance in the orbital ordered state decays by 2-
4% over a time scale of ∼3000s. At well below dC , of course, a stable orbital disordered phase
emerges. The orthorhombic distortion of the underlying crystallographic structure (space group
Pbnm) decreases systematically with the decrease in particle size and at far below dC (e.g., at ∼10
nm), the structure becomes cubic (space group Pm3¯m). Using the crystallographic and electrical
resistance data, a phase diagram has been constructed showing the evolution of different orbital
phases as a function of particle size across ∼10 nm to bulk for stoichiometric LaMnO3.
PACS numbers: 73.63.Bd, 71.70.Ej, 64.70.Nd
I. INTRODUCTION
The issue of phase stability and transition in confined
geometry (e.g., in nanoscale system) assumes importance
both for its physics as well as in the context of design
of different nanosized architectures for nanoelectronics.
Although, this has been addressed, theoretically, nearly
35 years back1, direct measurement of the phase sta-
bility and transition enthalpy together with kinetics is
being reported2−4 only in recent times. Several novel
approaches - such as scanning tunneling microscopy in
association with perturbed angular correlation2, laser ir-
radiation coupled with local calorimetry3, ultrasensitive
nanocalorimetry4 etc - have been adopted for measuring
the melting point and latent heat of melting in nanoscale
atomic clusters. Deeper understanding of the phase tran-
sition thermodynamics and kinetics for electronic phase
superstructures5 - such as charge and orbital order - is
also of immense importance for nanosized strongly cor-
related electron systems.
In pure LaMnO3, the orbital order superstructure de-
velops due to degeneracy in 3d e1g levels in Mn
3+O6 octa-
hedra which is lifted via Jahn-Teller effect resulting in a
checkerboard-type cooperative ordering of the 3d3x2−r2
and 3d3y2−r2 orbitals within the ab-plane and their stag-
gered in-phase stacking along the c-axis (so-called ’d’-
type orbital order)6. This orbital ordered state under-
goes an order-disorder transition, reversibly, at a charac-
teristic transition point TJT
7. This is accompanied by
a structural transition8 as well as specific features9 in
different physical properties such as resistivity, thermo-
electric power, Curie-Weiss paramagnetism, specific heat,
thermal expansion coefficient etc.
In this paper, we show that the thermodynamically
stable long-range orbital order in stoichiometric LaMnO3
evolves into a metastable order and finally a stable disor-
der as the particle size decreases from bulk (≥1 µm) down
to ∼10 nm. The orbital order-disorder transition temper-
ature decreases significantly with the decrease in particle
size. The transition becomes irreversible within a small
window around a critical size dC ∼20 nm. This signifies
that, within the window around dC , the orbital ordered
state is metastable. For even finer particles (e.g., ∼10
nm) beyond the window of metastable order, a stable
orbital disordered phase evolves. The crystallographic
phase too exhibits a systematic evolution as a function
of particle size.
II. EXPERIMENTS
The nanoscale particles of phase pure LaMnO3 system
have been prepared via bio-template assisted synthesis.
The carbon replicas of porous stems of pine wood were
used as bio-templates. The walls of the pores (diameter
∼10-40 µm) appear to contain even finer porous channels
with size range 5-10 nm (Fig. 1). The mixed metal ni-
trate aqueous solution is infiltrated within such templates
under vacuum (∼10−2 torr). Following infiltration, the
sample is first dried at 100oC and then heat treated at
600o-700oC for 2-5h. The remnant after heat treatment
is found to be single phase LaMnO3. As the particle
size reduces, the orthorhombic symmetry (space group
Pbnm) of the bulk sample gives way to cubic (space group
Pm3¯m) with systematic decrease in orthorhombic distor-
tion (Fig. 2). Along with the raw data, we also show in
Fig. 2 the Rietveld refined patterns for selective cases.
In Table-I, the room temperature lattice parameters (a,
b, c), the orthorhombic distortion s [=(b-a)/(b+a)], the
microstrain of the crystallites, and the reliability factors
2of the Rietveld refinement (by Fullprof ver 2.3) are listed.
FIG. 1. (a) Field emission scanning electron micrograph (FE-
SEM) of the porous carbon replica of bio-template (stem of
pine wood), (b) blown up photograph of the wall of the bigger
pore channels and (c) the finer pore structure (5-10 nm) of
the wall.
We prepared several samples with average particle size
varying within ∼10-50 nm by varying the infiltration
time, heat-treatment temperature and time. It is in-
teresting to note that we observe presence of nanorods
(dia ∼15-20 nm and above) as well as nanochains along
with nearly spherical nanoparticles (Fig. 3). The par-
ticle size distribution and the average size for all the
samples have been estimated from the field-effect scan-
ning electron and transmission electron microscopy (Fig.
3) using the image analyzer software Image J. In rep-
resentative cases, the distribution patterns are shown
(Fig. 3 insets). The orbital order-disorder transition
data - transition point, electrical resistivity etc - are re-
ported against the average particle size estimated from
the distribution pattern for each sample. We carried out
the electrical resistivity measurements directly on such
nanoscale particles by preparing slurry of LaMnO3 pow-
der dispersed within an alumina sol. The slurry has been
prepared by mixing colloidal suspension of alumina parti-
cles (∼2% by weight) with the LaMnO3 particles (∼98%
by weight). The slurry was then coated onto an alu-
mina substrate. Gold electrodes and wires were already
printed onto the substrate. After coating, the sample
was heat-treated at ∼300oC for 1h for curing. The ad-
hesion of the coating onto the substrate and electrodes
was found to be satisfactory. The resistivity (ρ) versus
temperature (T ) measurements have been carried out
on all such nanoscale samples and the data presented
here are representative of the corresponding average par-
ticle size. The heat-treatment of the precursor powder as
well as all the temperature and time-dependent electri-
cal measurements were carried out in inert atmosphere
(under flowing nitrogen) in order to avoid presence of
non-stoichiometric oxygen which influences the orbital
order-disorder transition significantly. The temperature-
dependent x-ray diffraction measurements were carried
out in vacuum (∼10−3 torr).
FIG. 2. (color online) Room temperature x-ray diffraction
patterns (raw data as well as Rietveld refined ones) for the
bulk and nanoscale LaMnO3; the orthorhombic distortion de-
creases with the decrease in particle size giving way eventually
to cubic symmetry in finer particles.
The valence of Mn ions was found out in as-prepared
nanoscale LaMnO3 samples of different particle sizes
from x-ray photoelectron spectroscopy measurement.
The spectra were recorded at normal take off angle with
pass energy 40 eV using Omicron Multiprobe Spectrom-
eter (Omicron Nanotechnology, GmbH, UK) fitted with
an EA125 hemispherical analyzer and a monochroma-
tized Al Kα source (1486.6 eV).
The spectra for Mn2p and La3d are shown in Fig.
4. The background of the spectra was subtracted by
Shirley method10. The Mn2p spectrum shows the pres-
ence of Mn2p3/2 and Mn2p1/2 peaks at 641.8 and 653.4
eV respectively with spin-orbit splitting of 11.6 eV cor-
responding to Mn3+ in LaMnO3. The values are in close
agreement with those of Chainani et al11. The FWHM
3TABLE I. List of lattice parameters, orthorhombic distortion, and microstrain at room temperature.
Samples Lattice
parameters
(A˚)
Lattice
Volume
(A˚3)
Orthorhombic
distortion(s)
(%)
Microstrain
(%)
Rp χ
2
LaMnO3
-bulk
a = 5.532
b = 5.748
c = 7.683
245.305 1.915 0.008 20.1 1.2
LaMnO3
- 30 nm
a = 5.529
b = 5.678
c = 7.708
242.039 1.329 0.047 21.68 1.518
LaMnO 3
- 20 nm
a = 5.507
b = 5.575
c = 7.747
237.815 0.615 0.113 22.15 1.841
LaMnO 3
-18 nm
a = 5.443
b = 5.502
c = 7.707
230.805 0.539 0.118 - -
LaMnO 3
-12 nm
a = 3.878 58.095 0 0.126 14.53 1.18
LaMnO 3
-8 nm
a = 3.862 57.587 0 0.216 - -
of core level Mn2p3/2 spectra were found to be ∼3.3 eV
for nanoscale LaMnO3.
In addition to the main Mn2p peaks, a broad and low
intensity satellite peak characteristic of LaMnO3 was ob-
served at 665.2 eV corresponding to Mn2p1/2 main peak
at a separation of 11.8 eV. No additional peak corre-
sponding to Mn4+ has been observed. The La3d spectra
exhibit peaks and satellites corresponding to La3d5/2 and
La3d3/2 as shown in Fig 4.
III. RESULTS AND DISCUSSION
The characteristic features in the ρ-T patterns at re-
spective TJT s could be noticed. The TJT s, thus found
out, match closely with those identified from the peaks
in the calorimetric studies12 for the particles of aver-
age sizes above dC for which peaks in the calorimetry
measurement appear. For the samples of size dC and
less, no peak in the calorimetric study could be noticed.
We have also tracked the transition by measuring the
temperature-dependent x-ray diffraction patterns as or-
bital order-disorder transition in LaMnO3 is associated
with a structural phase transition. In Fig. 5, we show
the ρ-T as well as XRD patterns side-by-side to illustrate
the compatibility between electrical and crystallographic
data for a few samples which are important for mapping
the entire phase diagram of orbital order-disorder tran-
sition versus particle size: (i) bulk, (ii) particles of aver-
age size ∼30 nm, and (iii) dC (∼20 nm). While distinct
signature of orbital order-disorder transition appears in
the ρ-T plot at characteristic TJT s, the crystallographic
structure too depicts a clear feature - drop in the or-
thorhombic distortion s. The drop in s is expected for
LaMnO3 across the TJT
8. The lattice parameters, vol-
umes, orthorhombic distortions etc at different tempera-
tures are listed in Table-II. Most interesting is the obser-
vation that while both the bulk and ∼30 nm particles ex-
hibit reversible transition at respective TJT s, the transi-
tion appears to be irreversible in the case of ∼20 nm par-
ticles. No signature of disorder-order transition could be
noticed during the cooling cycle. Instead, the ρ-T pattern
observed at orbital disordered state beyond TJT appears
to have been extended right down to ∼300 K. It might
seem that perhaps disorder to order transition would take
place at below 300 K. In that case, the transition would
have been associated with a large hysteresis which should
have given rise to a large endothermic peak in calorime-
try. However, no such peak could be observed12. More
importantly, a second run, under identical applied cur-
rent, does not depict any signature of transition at all,
at any temperature within 300-800 K. This cannot hap-
pen in the case of a first order transition. This is quite
a new observation, as this has never been observed in
the bulk system. The crystallographic structure too fol-
lows this pattern. The orthorhombic distortion drops
above TJT but is not regained after the sample is cycled
back to room temperature (Table-II). The structure of
smaller distortion at above TJT appears to have been ar-
rested. Therefore, the study of crystallographic data also
shows that the orbital order-disorder transition becomes
irreversible for the ∼20 nm particles. Additionally, we
4FIG. 3. (color online) (a) The FESEM image of a nearly
∼1 µm long nanochain of LaMnO3 whose diameters are ∼20
nm at different places; (b) the transmission electron micro-
scopic (TEM) image of nanoscale particles (diameter ∼34 nm)
of LaMnO3 (c) the high resolution transmission electron mi-
croscopy (HRTEM) image of the single crystalline nanorods
of diameter 10-15 nm.
point out that, in contrast to the observations made in
the case of ∼20 nm particles, ∼30 nm particles (>dC)
exhibit ’reversible’ transition at TJT with a large hys-
teresis consistent with large latent heat of orbital order-
disorder transition detected by calorimetry12. Therefore,
the orbital order-disorder transition, as studied by resis-
tivity, calorimetry, and temperature-dependent XRD for
bulk as well as nanoscale samples, exhibit very interesting
particle size dependent characteristics - particles of size
larger than dC exhibit ’reversible’ transition with finite
FIG. 4. (a) Mn 2p and (b) La 3d peaks and satellites in x-ray
photoelectron spectroscopy for nanoscale LaMnO3 (average
particle size ∼15 nm); (c) Mn 2p and (d) La3d peaks and
satellites for nanoscale LaMnO3 (average particle size ∼30
nm).
latent heat and resistivity hysteresis whereas for particles
of size dC and below, the transition becomes ’irreversible’
with zero latent heat. We also mention here that even
finer particles, of size ∼8-12 nm, exhibit cubic symme-
try (space group Pm3¯m) at room temperature (Fig. 2)
and no signature of any transition within the 300-800 K
regime (data not shown here). The TJT in this particle
size regime could be shifted down to even below ∼300 K.
This temperature region is presently not accessible to us
for the XRD studies.
In order to gather more information about the stabil-
ity of the orbital ordered state in samples of size around
dC (∼20 nm), we measured the relaxation characteristics
- i.e., time dependence of the resistivity - at below and
above TJT following two different protocols: (i) heating
a fresh sample to the respective points and then initiat-
ing the relaxation measurement after stabilizing the tem-
perature for nearly ∼30s and (ii) heating a fresh sample
beyond TJT up to ∼800 K and then cooling down to the
respective points. The heating and cooling rates were
kept fixed at ∼1.5oC/min, which were used for simple ρ-
T measurements as well. Identical heating/cooling rate
and stabilization time for both the set of measurements
ensures identical initial condition at any particular tem-
perature. The temperatures chosen for the relaxation
studies are: (i) ∼410 K (i.e., well below TJT ), (ii) ∼618
K (i.e., near the TJT ) and (iii) ∼765 K (i.e., well above
TJT ). We repeated the relaxation studies both in the
particles of size above dC and in a single crystal by choos-
ing the temperatures appropriately. The relaxation was
measured by reaching and stabilizing the temperature
first and then by triggering the current flow and voltage
recording simultaneously. The data were recorded at a
5FIG. 5. (color online) The temperature-dependent x-ray diffraction patterns for (a) LaMnO3-bulk, (b) ∼30 nm, and (c) ∼20
nm particles across TJT s along with their corresponding ρ-T patterns in (e), (f), and (g), respectively. In (e), a representative
thermogravimetry pattern is shown; the data points (open circles) and the corresponding right y-axis are of identical color.
time interval of ∼43 ms over a time span of ∼3000s. The
relaxation characteristics for ∼20 nm particles are shown
in Figs. 6a. Quite evident in Fig. 6a is the fact that
as the temperature is increased from well below TJT to
close to TJT , the decay rate of the resistivity increases
appreciably. However, well above TJT no decay in resis-
tivity could be noticed. Likewise, no decay in resistivity
could be noticed when a fresh sample is cooled down to
the lower temperatures from above TJT and relaxation
measurement is done at those points. This observation
further supports the conjecture that the orbital ordered
state in samples of size around dC is metastable. The
decay rate enhances near TJT because of enhanced fluc-
tuations arising from onset of transition dynamics in a
metastable phase. The disordered state is quite stable
and depicts no appreciable decay in resistivity. The single
crystal and the particles of size greater than dC (i.e., say,
∼30 nm) depict stable ordered and disordered states and
therefore no such time decay of resistivity (Figs. 6b,c).
The decay pattern of resistivity, in particles of size
dC at ∼411 K, appears to be approximately linear with
time while the pattern at ∼618 K tends more toward an
exponential one. We have calculated the activation en-
ergy (E) of decay by fitting the data for ∼411 K with
6TABLE II. List of lattice parameters and orthorhombic distortion at below and above TJT .
Samples 300K 723K 773K 300K (after
cooling)
LaMnO3
-bulk
a = 5.532 A˚
b = 5.748 A˚
c = 7.683 A˚
V = 244.305
A˚3
s = 1.915
- a = 5.577 A˚
b = 5.577 A˚
c = 7.878 A˚
V = 245.029
A˚3
s = 0.0
a = 5.531 A˚
b = 5.739 A˚
c = 7.683 A˚
V = 243.909
A˚3
s = 1.846
LaMnO3
- 30 nm
a = 5.529 A˚
b = 5.678 A˚
c = 7.708 A˚
V = 242.039
A˚3
s = 1.329
a = 5.543 A˚
b = 5.551 A˚
c = 7.873 A˚
V = 243.665
A˚3
s = 0.0721
- a = 5.529 A˚
b = 5.672 A˚
c = 7.704 A˚
V = 241.641
A˚3
s = 1.277
LaMnO3
- 20 nm
a = 5.507 A˚
b = 5.575 A˚
c = 7.747 A˚
V = 237.815
A˚3
s = 0.615
a = 5.514 A˚
b = 5.528 A˚
c = 7.805 A˚
V = 237.915
A˚3
s = 0.127
- a = 5.516 A˚
b = 5.532 A˚
c = 7.798 A˚
V = 237.952
A˚3
s = 0.145
R(t)/R(0) = c - (kBT/E).(t/τ ) and the ones for ∼618
K with R(t)/R(0) = c - (kBT/E).exp(t/τ ) where c is a
constant and τ is a characteristic relaxation time scale.
The quality of fit of the experimental data with linear
(dashed line) and exponential (dotted line) decay equa-
tions can be seen in the plot of Fig. 6a. The activa-
tion energy is found to decrease from ∼36 meV to ∼6
meV over a temperature range 411-618 K. The ’linear in
time relaxation pattern’ was observed13 for recovery of
magnetization from saturation in the superfluid 3He. No
theoretical prediction about ’orbital domain’ fluctuations
and consequent relaxation in resistivity below a critical
size for LaMnO3 or other orbital ordered compounds ex-
ists now. The experimental results being presented here
will be important in formulating a theory of relaxation of
orbital ordered state in nanoscale LaMnO3. It is impor-
tant to mention, in this context, that there is a crucial
difference between fluctuating orbital ordered states ob-
served in nanoscale (∼20 nm) LaMnO3 and fluctuating
superparamagnetic/superparaelectric states in nanosized
ferromagnetic/ferroelectric systems above blocking tem-
perature (TB). Whereas in the latter case fluctuation
dynamics is faster above TB and, therefore, temperature
scanning of magnetization/polarization does not reveal
any transition point (Curie point) at all, in the former
case, the fluctuation appears to be much slower to reveal
a transition temperature, at least, in the very first ther-
mal cycling of a fresh sample. Of course, no signature
of orbital order-disorder transition could be observed in
any subsequent thermal cycle or in measurement carried
out over longer time scale (3000s). The fluctuation can
increase or, in other words, the time scale of fluctuation
can decrease in even finer sized samples.
In order to find out whether oxygen intake or release
from the nanosized particles - during the resistivity mea-
surement experiments as a function of temperature and
time - is influencing the resistivity data or not in the
present case, we carried out the thermogravimetric mea-
surement of the samples under identical conditions. The
temperature and time dependent data are plotted in Figs.
5e and 6a, respectively. The weight loss or gain in both
temperature as well as time dependent experiment is
found to be negligible (∼0.4%). This result together with
the x-ray photoelectron spectroscopy data (Fig. 4) on as-
prepared powder shows that the LaMnO3 particles retain
proper oxygen stoichiometry throughout the course of the
work. On the contrary, the non-stoichiometric LaMnO3
exhibits more than 2-4% oxygen gain or loss in thermo-
gravimetric measurement from which one can estimate
the extent of non-stoichiometry in oxygen14. Therefore,
it is clear that the time-decay in resistivity observed in
the nanosized particles (size dC ∼20 nm) is a reflection of
intrinsic metastability of the orbital ordered state. The
metastable orbital ordered state decays and tends toward
the stable orbital disordered state with 2-4% decrease in
resistance within a time span of ∼3000s.
It has been shown earlier by others15,16 that the
charge-ordered systems undergo a melting-type transi-
tion in nanoscale because of enhanced pressure effect. In
fact, the phenomenon of melting of the charge ordered
state under pressure, associated with insulator to metal
and antiferromagnetic to ferromagnetic transitions, ap-
pears to have been replicated well in the nanoscale sys-
tem. In the case of LaMnO3 with orbital order, it seems
that although pressure does increase in the nanoscale
sample because of enhanced surface area to volume ratio
as the particle size is decreased from∼100 nm down to∼1
nm, melting from a stable ordered state to a stable dis-
ordered state takes place via an intermediate metastable
state where the pressure is not yet sufficient for melting.
Opening up of this small window of metastable orbital or-
der at an intermediate particle size range is quite interest-
7FIG. 6. (color online) The time decay characteristics of the
resistivity for (a) ∼20 nm particles, (b) ∼30 nm particles, and
(c) single crystal LaMnO3 at different temperatures in the or-
bital ordered and disordered phases reached via two different
protocols; the temperatures at which the time-dependent re-
sistance was measured are marked in Figs. 5(e),(f) by dashed
lines; the weight loss/gain for the nanoscale samples can be
noted from the representative thermogravimetry data shown
for ∼20 nm particles as a function of time in (a); the data
points (open circles) and the corresponding right y-axis can
be identified by appropriate color matching.
ing for this orbital ordered compound and is in contrast
to the observations made in charge-ordered compounds.
The frequency of fluctuation of the orbital order within
the metastable zone of the phase diagram increases with
the decrease in particle size. We did not, of course, ob-
serve any metal-insulator transition or ferromagnetism in
nanoscale LaMnO3 at sizes dC or below as reported for
charge ordered compounds by others15,16. Even, much
finer particles (average size ∼8-12 nm ≪ dC), which do
not depict any signature of transition within 300-800 K,
and, therefore, could be in the orbital disordered state
within this temperature regime, did not depict metal-
insulator transition or ferromagnetism. One of the rea-
sons could be that the orbital disordered state in bulk
LaMnO3 too, does not depict good metallic or ferro-
magnetic behavior9. Even the pressure driven melting
of Jahn-Teller order also does not yield a good metal-
lic or ferromagnetic phase17,18. Instead, the magnetic
FIG. 7. (color online) A phase diagram of different orbital
phases in LaMnO3 as a function of particle size - across a
wide range from bulk (>1µm) down to nanosize (∼1 nm)
- has been constructed using orthorhombic distortion (black
circles), lattice volume (blue circles), and TJT (up-triangles)
data for different particle sizes; while the boundary between
metastable and stable orbital order has been identified in this
work, the boundary between metastable orbital ordered and
stable orbital disordered phases at even smaller particle size
range (<10 nm) is tentative and is yet to be firmly established.
phase could possibly be more akin to what has been ob-
served in the case of LaMn0.5Ga0.5O3 system
19 where
breakdown of long-range orbital order has shown to have
given rise to spin glass phase. A detailed study of the
magnetic structure for ∼10-20 nm particles of LaMnO3,
where long-range orbital order appears to have become
metastable or have broken down, will be carried out in
near future.
The underlying crystallographic structure depicts a
systematic evolution with the decrease in particle size.
The lattice volume and orthorhombic distortion decrease
and the crystal symmetry transforms from orthorhombic
to cubic. This is consistent with the picture of break-
down of long-range orbital order and stabilization of or-
bital disordered phase in ∼10 nm particles as orbital dis-
ordered phase stabilizes in cubic system with smaller lat-
tice volume20. Using the lattice volume, orthorhombic
distortion, and TJT values, we construct a phase dia-
gram (Fig. 7) which shows how a thermodynamically
stable long-range orbital ordered phase evolves into a
stable disordered phase via an intermediate metastable
orbital ordered phase with particle size. Such a map of
evolution of orbital phases with particle size in nanoscale
is the central result of this paper.
8IV. SUMMARY
In summary, we found that the orbital ordered state
in pure LaMnO3 becomes metastable for particles of size
around dC (∼20 nm) and finally transforms into a stable
disordered state for much finer particles (e.g., ∼10 nm).
The orbital order-disorder transition switches from ’re-
versible’ to ’irreversible’ at dC along with sizable decay
in resistivity with time in the ordered state. In contrast
to the observation made in the case of charge ordered
compounds, we did not observe an insulator-metal tran-
sition and antiferromagnetic-ferromagnetic transition for
a size around dC . The crystal symmetry, lattice volume,
and orthorhombic distortion depict a systematic varia-
tion with particle size. The lattice volume collapses and
the orthorhombic symmetry gives way to cubic as the
particle size reduces from bulk down to ∼10 nm signi-
fying systematic evolution from long-range orbitally or-
dered orthorhombic phase to orbitally disordered cubic
phase.
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